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Abstract. This work studied the corrosion behaviors of 15Ni, 23Ni, 31Ni and 40Ni steels in aerated 3.5%
NaCl solutions with various pH levels (2, 7 and 10) at 25°C. The observed microstructures of 15 and 23 wt.%
Ni steels were consisted partially of martensite, while those of 31 and 40 wt.% Ni steels were fully austenitic.
Polarization curves of the nickel-containing steels were determined using a potentiodynamic polarization
technique. The corrosion potential (Ecorr), corrosion current density (Icorr), corrosion rate (Rmpy), pitting
potential (Ep), primary passive potential (Epp) and passive current density (Ip) were evaluated from the
polarization curves. The results indicated that an increase in nickel content resulted in an increased corrosion
potential, but also a decreased corrosion current density or corrosion rate. Only the solution pH of 10, the
passive characteristics of the 23Ni, 31Ni and 40Ni steels were remarkable. As the nickel content of those
three nickel-containing steels increased, the primary passive potentials and pitting potentials were increased,
but the passive current densities were decreased. Nickel additions improved general corrosion and pitting
corrosion resistances of the nickel-containing steels when tested in basic, neutral and acidic 3.5% NaCl
solutions. The effects of various nickel contents and solution pHs on general corrosion resistances of nickel-
containing steels were also discussed.
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1. Introduction

Although nickel based alloys and nickel-iron based alloys have been considered as an important class of
material for engineering applications under severe corrosion in a wide range of service temperatures [1-5],
their behaviors concerning general and localized corrosion resistances are still under discussion [1, 2, 6].
Resistance to stress corrosion cracking of stainless steel wire containing 18-20%Cr in boiling magnesium
chloride solution was at a minimum when the nickel content was in a range between 8-10% [6]. Pilling and
Ackerman [7] reported that corrosion rates of 15%Cr alloy with nickel contents up to 30% in 5% nitric acid
increased with the nickel content, but decreased as the nickel content was greater than 30%. Streicher [8]
found that corrosion rates of Fe-10%Ni-Cr alloys having chromium content greater than 16% were decreased
to be less than those of Fe-Cr alloys when exposed in boiling 5% sulfuric acid. Considering the effects of
nickel in AIST 430, 18Ct-15.5Mn-0.5Ni, 15Ct-17Mn, 1.0Ni, 17.6Ct-5.6Mn-4.4Ni and AISI 304 on corrosion
rates, it was reported that nickel additions could decrease corrosion rates of those alloys in boiling solutions
of 10% sulfuric acid (H2804), 10% sulfamic acid (HsNSO3) and 10% sodium bisulfate (NaHSOy) [5]. Our
previous work [9] revealed that pitting potentials of Fe-Cr-Ni austenitic alloys in artificial seawater reached
to a maximum value at chromium and nickel contents of 26 and 16, respectively. This was explained by XPS
results that showed that the passive film thickness of the chromium oxide and iron oxide layers containing
iron and nickel directly influenced an increase in pitting potentials [10]. Abreu et al. [11] observed that upon
increasing the nickel content up to 13% in 22Cr duplex stainless steel, the pitting potentials in 3.5% NaCl
solution abruptly increased. The effects of nickel on pitting potentials of Fe-15Cr-(10-60)Ni steels in 0.75%
NaCl solution [12] and of Fe-25Ct-3Mo-(0, 4, 30)Ni steels in 10% NaCl solution [13] were investigated. The
results indicated that a synergistic effect of chromium and nickel on increased general corrosion and pitting
corrosion resistances was possible in Fe-Cr-Ni alloys.

Due to the passive film break-down resulting in pitting corrosion, the characteristics of the passive film
in nickel-containing alloys should be emphasized here. The passive film characteristics of nickel and nickel
based alloys have been mostly investigated in basic solutions. The passive film of nickel and nickel alloys
characterized by XPS, SIM [14-19], SER [20], STM [21], and Ellipsometry [22], were seen to be composed
of NiO, NiOz, Ni3O4 or Ni(OH)», depending on the potentials and the pH levels of tested solutions. It was
stated that NiO and Ni3Oy4 films were formed at low potentials, and NiO; film was transformed to both NiO
and Ni3Oy films at higher potentials [14]. In H>SO4 and Hs;POy acidic solutions, the hydrated nickel
oxyhydroxide film was formed in nickel and alloy 600 [23]. According to a thermodynamic calculation based
on the stable compounds, the passive film of nickel alloys in basic aqueous solution was identified as NiO,
and NiO3 at higher potentials and NizO4 and Ni(OH)2 at lower potentials [24]. The most acceptable passive
film of nickel alloys is probably a double layer composed of NiO as an inner layer and Ni(OH); as an outer
layer [19]. The above reviews indicated that nickel is involved in the passive film formation and may enhance
corrosion resistance of nickel-containing alloys in basic solution. The increased corrosion resistance of
nickel-containing steels in basic solution is understandable by considering the standard electrode potential of
nickel, which is higher than that of iron [6, 25]. Regarding the passive film formation in stainless steel, the
effect of nickel is less than that of chromium in facilitating the film formation, because the chromium oxide
is more stable than nickel oxide under ambient atmosphere conditions based on a thermodynamic point of
view.

In order to gain a better insight into the effects of nickel additions on corrosion behaviors of nickel-
containing steel, general and pitting corrosion resistances of Fe-(15, 23, 31, 40)Ni steels were investigated by
a potentiodynamic polarization technique.

2. Experimental Procedure
2.1. Materials and Microstructure Examination

Chemical compositions of the nickel-containing steels used in the current investigation are listed in Table 1.
All the nickel-containing steels were austenitized at 1,498 K for 3,800 seconds and then cooled down to room
temperature in an argon atmosphere vacuum furnace. Before corrosion testing, microstructure features of
the tested steels were observed using an optical microscope (OM). Additionally, structure phase identification
was also conducted by X-ray diffraction (XRD) in order to obtain microstructural perspectives for further
discussion.
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2.2. Potentiodynamic Polarization

The samples of heat-treated nickel-containing steels were prepared and then mechanically wet ground with
abrasive SiC paper up to 1200-grit finishing followed by ultrasonic cleaning in acetone. After that, the samples
were kept in a desiccator for at least 24 hours prior to potentiodynamic polarization measurements. The
schematic corrosion test set-up is illustrated in Fig. 1. The potentiodynamic polarization measurements were
conducted in the aerated 3.5 % NaCl solutions with various pHs (2, 7 and 10) at a temperature of 25°C using
a p-Autolab potentiostat controlled by GPES software. The solution was purged by air for the aerated
corrosion test condition for at least 1,800 seconds before the experiment. The potential was scanned from -
650mV to +150mV, i.e. from cathodic to anodic direction, at a constant rate of 0.1 mV/s. A conventional
three-electrode corrosion cell consisting of the sample, a silver/silver chloride (Ag/AgCl) reference electrode
and a platinum counter electrode was used in the current investigation. The total area of samples exposed to
the testing solution was confined to 40 cm? In order to confirm the experimental results, the
potentiodynamic polarization measurements were repeated 3 times for each test condition. From the
polarization curves, the corrosion potential, corrosion current density, primary passive potential, pitting
potential and average passive current density were determined as described in our previous work [26]. The
corrosion potential and corrosion current density were evaluated by the Tafel-slope extrapolation method.
The corrosion rate was calculated from the corrosion current density based on Faraday’s law. The pitting
potential was determined at the potential where the current density introduced by corrosion attack was rapidly
increased. The average passive current density was determined from the mathematic mean value of those in
the whole passive range. The morphology of pits present on the surface of tested steel after corrosion testing
was also observed using an optical microscope.

Table 1. The chemical compositions (wt.%) of the tested nickel-containing steels.

Steel Chemical composition
Name C Si Mn P S Ni Cr Al Fe
Fe-15Ni  0.017  0.006  0.003 <0.003 0.0019 1499 <0.2 0.015 bal.
Fe-23Ni  <0.01 <0.005 <0.01 0.002 0.003 23.00 <0.2 0.015 bal.
Fe-31Ni  0.005  0.005 0.01 0.002 0.008 30.80 <0.2 0.015 bal.
Fe-40Ni  0.01 0.008 <0.01 0.004 0.015 3999 <0.2 0.023 balance
Platinum

Ag/AgCl
electrode electrode
- 1 <=
Gas | | Airor
outlet nitrogen
Sample inlet

R

Electric
connector

o % e o e
o o2 o
3.5 wt.% NaCl solution O Ooo 0%8'

Fig. 1. Schematic illustration of corrosion cell set-up for the experiment.
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3. Results and Discussion
3.1. Microstructure

Examples of XRD spectra obtained for the Fe-15Ni and Fe-40Ni steels are shown in Fig. 2. It indicates that
Fe-15Ni and Fe-40Ni steels possessed the body-centered-tetragonal (bct) and face-centered-cubic (fcc)
crystal structures, respectively. The XRD results of crystal structure determination conformed to the
observed microstructures by optical microscopy (see Fig. 7). It is worth noting that the microstructures of
Fe-15Ni and Fe-23Ni steels were partially martensitic, while those of Fe-31Ni and Fe-40Ni steels were fully
austenitic. These results should be attributed to the martensite start temperature (Ms-temperature) which
was decreased as the nickel content of the steel increased. The austenite phase tended to be more stable
when a higher content of nickel was added into the steels [27]. However, the austenite-martensite partial
transformation could be predominant for the steels containing a relatively low content of nickel during
cooling from austenization temperature.
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Fig. 2. XRD spectra of Fe-15Ni and Fe-40Ni steels.
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3.2. Effect of Nickel on Corrosion Potential and Corrosion Rate

Figure 3 shows examples of polarization curves obtained for the steels tested in aerated 3.5 % NaCl solution
with various pHs at 25°C. The Fe-15Ni steel did not reveal passive behaviors when tested in the solution at
any pH level. The passivity behavior was noticeable for Fe-23Ni, Fe-31Ni and Fe-40Ni steels only when the
solution pH of 10 was used. In order to gain a better insight into the corrosion behavior of the nickel-
containing steels, the important corrosion behavior parameters, including Ecorr, Icorr, Epp, Ep and Ip,
extracted from the polarization curves were mathematically evaluated and summarized in Tables 2 and 3.

= =
L L
0 0
0,100 0,100
pH 10
0,200 0,200
pH 10 GHT
-0.300 -0.300
pH7 pH2
-0.400 pH 2 -0.400
0500 0500
0,600 0,600
1.0x10% 1.0x107 1.0x10% 1.0:10° 1.0x10™ 1.0x10° 1.0x10% 1.0x107 1.010% 10107 1.010° 1.0x10° 10100 1.0x10° 1.0x10°
1/ (Aem2) 11 (Afcm2)
a) Fe-15N1 b) Fe-23Ni
= =
0 0
0 0
wH 10
-0.100 pH 1O -0.100
-0.200 pH7 -0.200 pH7
pH2
-0.300 pH2 -0.300
-0.400 -0.400
-0.500 0.500

-0.600 -0.600
1.0x10° 1.0x10% 1.0x107 1.0x10° 1.010° 1.0x10* 1.0x10° 1.0x10° 1.0x10° 1.0x10% 1.0x107 1.0x10% 1.0x10° 1.0x10™ 1.0x10° 1.0x107

1 (Aem2) 1 (Afcm2)

¢) Fe-31Ni d) Fe-40Ni

Fig. 3. Examples of polarization curves of the nickel-containing steels tested in aerated 3.5 % NaCl solution
at 25°C (E/V vs Ag/AgCl).

Table 2. Mean values of parameters (£ standard deviation) evaluated from polarization curves of the nickel-
containing steels tested in aerated 3.5% NaCl solution at pH 2, 7 and 25°C.

Steels pH 2 pH7

Ecorr Icorr Rmpy Ecorr Icorr Rmpy
Fe-15Ni -427+8 12.4241.25 143.3 -343%2 3.81+0.17 43.9
Fe-23Ni -38518 9.28+0.46 107.1 -23513 0.97+0.04 111
Fe-31Ni -319+4 5.67£0.92 654 -204+6 0.58%+0.05 6.7
Fe-40Ni -278+4 1.8740.08 21.6 17742 0.1840.02 2.0
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Table 3. Mean values of parameters (& standard deviation) evaluated from polarization curves of the nickel-
containing steels tested in aerated 3.5% NaCl solution at pH 10 and 25°C.

Steels pt1 10
Ecorr Icorr Rmpy Ip Epp Ep
Fe-15Ni -346+1 1.33+0.04 15.4 - - -
Fe-23Ni -246x4 0.2840.03 3.3 0.43%0.08 -242+3 -19148
Fe-31Ni -205+3 0.09£0.01 1.1 0.1240.01 -205+4 -12445
Fe-40Ni -179+3 0.0520.01 0.6 0.11£0.01 -176+3 -86+3
Remark:  Ecorr Corrosion potential (mV vs. Ag/AgCl)

Icorr Corrosion cutrent density (LA/sq.cm)

Rmpy Corrosion rate (Um/y)

Ip Passive current density ((LA/sq.cm)

Epp Primary passive potential (mV vs. Ag/AgCl)

Ep Pitting potential (mV vs. Ag/AgCl)

Figure 4 shows the corrosion potentials with respect to the nickel contents in the nickel-containing steels
tested in aerated 3.5 % NaCl solutions. At all solution pHs, the corrosion potentials of the nickel-containing
steels were increased as the nickel content increased. This may be due to the higher standard electrode
potential of nickel compared to iron [6, 25]. This implies that the nickel additions could bring up general
corrosion resistance of the nickel-containing steels when immersed in acid, neutral and basic solutions.
However, a great reduction of the corrosion potentials was observed when solution pH of 2 was used. The
corrosion potentials of Fe-23Ni steel at the solution pHs of 10 and 7 were about -240 and -250 mV,
respectively, but that at solution pH of 2 it was about -370 mV. No significant difference in the corrosion
potentials was observed at solution pHs of 7 and 10 for all the nickel-containing steels. Based on Pourbaix
diagrams composed from testing in water at solution pHs of 7 to 10, iron revealed passive behavior due to
the formation of FeOHa film at a specific potential range between -200 and -600 mV, while a potential range
between 0 and -580 mV could result in formation of NiOHo film in nickel (Ni) [24]. Due to the fact that
corrosion potentials of all the nickel-containing steels tested in the solution at solution pHs of 7 and 10 were
between -170 and -350 mV, the nickel-containing steels used in the current investigation could perform
passivity at pH 7 and 10, yielding no significant difference in the corrosion potentials. For the nickel-
containing steels, the solution pH of 10 could help the passive film become more stable with respect to the
solution pH of 7, resulting in lower corrosion rates as seen in Fig. 5.

Regarding the corrosion rate calculation results (see Fig. 5), it clearly shows that the corrosion rates of
the nickel-containing steels were decreased as the nickel content increased. The increased nickel content
resulted in an abrupt reduction of corrosion rates when tested in the solution pH of 2, especially. This finding
was supported by Potgieter et al. [28] who found that uniform corrosion resistance of 22Cr series duplex
stainless steels was improved by adding the higher nickel contents when tested in 1 M HCI solution. As
expected, the corrosion rates of nickel-containing steels were depressed as solution pHs increased. But, it
should be noted that the increased nickel contents could not strongly affect a decrease in the corrosion rates
of nickel-containing steels when tested in the solution pHs of 7 and 10. On the other hand, the increased
nickel contents were predominant for a drastic reduction of the corrosion rates in the nickel-containing steels
exposed in the solution pH of 2. This was due to more noble behaviors of nickel in neutral to strongly
alkaline solutions, not in acidic solutions [29]. From both Figs. 4 and 5, it indicates that the nickel-containing
steels performed the higher corrosion potentials, but the lower corrosion rates as the nickel content increased.
It can be concluded that the nickel content could play a key role in improving general corrosion resistance of
the nickel-containing steels.
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Fig. 4. Corrosion potentials of the nickel-containing steels tested in aerated 3.5 % NaCl solution at 25°C.
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Fig. 5. Corrosion rates of the nickel-containing steels tested in aerated 3.5 % NaCl solution at 25°C.
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Fig. 6. Pitting potential, primary passive potential and passive current density of the nickel-containing steels
tested in aerated 3.5 % NaCl solution at 25°C and pH 10.

3.3. Effect of Nickel on Pitting Potential, Primary Passive Potential and Average Passive Current
Density

From the polarization curves as shown in Fig. 3, the nickel-containing steels did not show any passive
behaviors when tested in the solution pHs of 2 and 7. However, the solution pH of 10 resulted in passive
film formation in the Fe-23Ni, Fe-31Ni, Fe-40Ni steels. This may be due to the presence of nickel in the
steel could promote either the formation of NiO», Ni2O3, Ni3O4 and Ni(OH)2 passive films in basic aqueous
solution as observed in Pourbaix diagram [24] or the formation of a duplex structured passive film composed
of NiO as inner layer and Ni(OH)zas outer layer [30]. From a viewpoint of mechanochemistry [31], the local
stress induced by martensite transformation may shift the 15 % Ni steel into the active state, i.e. no passive
film formation. In contrast, this influence might be negligible for the 23 % Ni steel which still exhibited
passive behaviors, even though its microstructure partially contained martensite (see Fig. 7a and b). This
should refer to the effects of chemical composition on passivity rather than microstructure features.

Figure 6 shows the effects of nickel content on pitting potentials, primary passive potentials and passive

current densities of the nickel-containing steels tested in aerated 3.5 wt.% NaCl solution at 25°C and pH 10.
The pitting potentials were increased as the nickel content increased. This observation revealed a similar
trend as observed in the corrosion potentials as shown in Fig. 4. Regarding passive film stability, it clearly
showed that the increased nickel contents lowered the average passive current densities (see Fig. 6). These
results suggested that the passive film stability of the nickel-containing steels was improved by the addition
of higher nickel contents and agreed with explanation addressed in many previous research reports [14-22].
It confirmed that nickel alloys or nickel-containing steels could possess corrosion resistance in basic solution
due to the complex passive layers composed of NiO as the inner and Ni(OH); as the outer layer [30].

From the literature reviews and the result of this study, it should be summarized that the nickel-
containing steels can exhibit passive behaviors when their nickel contents reached the critical level required
for passive film formation during exposure in suitable environment. Similar trends were also seen in the
previous work [10]. The pitting potentials of Fe-Cr-Ni alloys in artificial sea water (pH = 8) increased
drastically when the Cr and Ni contents were sufficient for stabilizing their passive films. Moreover, the
improvement of pitting corrosion resistance was achieved by increased thickness of passive films that
consisted of chromium oxide and iron-nickel oxide layers [10]. This agreed with the experimental results
obtained from 22Ct- 5, 7 ,9 and 13 Ni duplex stainless steels in 3.5 wt.% NaCl solution [11], from Fe-15Cr-
(10-60)Ni steels in 0.75 wt.% NaCl solution [12] and from Fe-25Cr-3Mo-(0,4,30)Ni steels in 10 wt.% NaCl
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solution [13]. However, further experiments are still needed in order to specify appropriate nickel contents
which can enhance pitting corrosion resistance of the nickel-containing steels exposed to any specific
environment.

The effects of nickel on primary passive potential should be also addressed. Increasing the nickel content
of nickel steel enhanced primary passive film potential in 3.5 wt. %NaCl solution at pH 10 as shown in Fig.
6. This suggested that the higher nickel steel needs higher energy to shift to the passive state from the active
state than the lower nickel steel. In the passive state, however, the nickel-containing steel with increased
nickel content exhibited the reduction of passive current densities (Fig. 6). In the Pourbaix diagram [24],
nickel was shifted from the immune state to the passive state at a higher potential (about -0.5 V (SHE)) than
iron (about -0.8 V (SHE)) when tested in water at pH 10. This implied that the passive state of nickel required
more energy than iron. The nickel-containing steels could require more energy than steel to be in passive
state. Therefore, an increase in nickel content of the steels could bring up the primary passive potential. This
reflected in this work.

Regarding the chromium addition to Fe-Cr-(8-10)Ni stainless steels tested in 1M HoSO4 at 90°C, it was
found that increasing chromium content from 3.5 to 19 wt. % resulted in a reduction of primary passive
potentials as well as passive current densities [32]. The experimental study conducted by Jae-Bong Lee [33]
also indicated a similar trend when testing Fe-Cr alloys in 1IN H>SOusolution. This is due to the fact that
chromium is one of the metallic elements that can easily react with oxygen to form passive oxide film.

In addition to uniform corrosion behaviors, resistance of the nickel-containing steels to pitting corrosion
is very crucial and should be discussed in detail. As aforementioned, the nickel-containing steels could exhibit
the passive behavior when exposed in the alkaline solutions. Thus, the important passive film parameters of
the nickel-containing steels exposed in the solution pH of 10 were shown in Fig. 6. It revealed that the
increased nickel content gradually improved the passive behavior, showing an increase in both primary
passive and pitting potentials and a decrease in passive current densities. As reported in the previous
literatures [10, 28, 29], the superior pitting corrosion resistance could be related to the formation of more
stable passive films enriched with nickel. In case of 22Cr duplex stainless steels containing the nickel content
ranging between approximately 5 and 13 wt.%, their passive films were composed of nickel chromium oxide,
nickel (II) oxide, nickel (IV) oxide, chromium (II) oxide, and chromium (VI) oxide [28]. For nickels tested
in the strong alkaline solutions, the formation of B-Ni(OH); in passive film was observed [29]. However,
further passive film characterization in the current investigation should be conducted in order to obtain
clarification in passivation behaviors of the nickel-containing steels.

3.4. Pit Initiation.

Figure 7 shows the morphology of pits observed on Fe-15Ni, Fe-23Ni, Fe-31Ni and Fe-40Ni steels, which
were in transpassive state (no passive film), after testing in aerated 3.5 wt.% NaCl solutions at pH 10. Based
on microstructure perspectives, it can be seen that partial austenite-martensite transformation was obtained
for Fe-15Ni and Fe-23Ni steels. In contrast, the microstructure of Fe-31Ni and Fe-40Ni steels was fully
austenitic. It implied that the degree of austenite phase stabilization in the nickel-containing steels was
strongly influenced by nickel additions. From pits observation, it suggested that pits could be initiated not
only at the grain boundaries but also within the grains. As the nickel-containing steels were in the transpassive
state, pitting corrosion attack was only pronounced. The results from Figs. 4 — 6 indicated that the chemical
compositions played an important role in controlling general and pitting corrosion resistance behaviors of
the nickel-containing steels more than the microstructure features present in the materials. However, the
microstructure features were normally recognized as a crucial factor to influence corrosion resistance
behaviors of nickel base superalloy, because of its possible influence on corrosion resistance of passive film
by changing film composition [34]. Some examples of stainless steel microstructures that were susceptible to
pit initiation were summarized in the previous literature [35]. It revealed that the grain boundary, phase-
transformed boundary and any defect points behaved as preferential sites for pits to be initiated.
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b) Fe-23Ni
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Fig. 7. Locations of pits formed in the Fe-15Ni, Fe-23Ni, Fe-31Ni and Fe-40Ni steels tested in aerated 3.5 %
NaCl solution at 25°C and pH 10.

4. Conclusions

The effects of nickel addition on general and pitting corrosion behaviors of Fe-15Ni, Fe-23Ni, Fe-31Ni and
Fe-40Ni steels in aerated 3.5 % NaCl solution at pHs of 2, 7, 10 and temperature of 25°C were investigated.
Some significant conclusions drawn from the current study are as followed:

e  TFe-15Ni steel did not show passive behaviors at all the tested solution pHs.

e Nickel enhanced general corrosion resistance of the nickel-containing steels by increasing the
corrosion potentials and decreasing the corrosion rates.

e Primary passive potentials of the nickel-containing steels were increased as the nickel contents
increased.

e Nickel additions could play a key role in the improvement of pitting corrosion resistance of the
nickel-containing steels, when the nickel contents of at least 23 % was added. The results were
obtained from the tests in the solution pH of 10 only.

e Both the grain interior and boundary were recognized as the susceptible sites for pits to be initiated
in the nickel-containing steels.

Acknowledgements

The authors would like to gratefully thank Prof. Emeritus Dr. T. Maki, Department of Material
Science and Engineering, Kyoto University, Japan, for supplying the material. Thanks also go to the
Thailand Research Fund, Industrial Division, for the partial financial supports.

10

ENGINEERING JOURNAL Volume 22 Issue 4, ISSN 0125-8281 (http://www.engj.otg/)



DOI:10.4186/¢j.2018.22.4.1

References

(1]

[12]
[13]
(14]
[15]
[10]
(17]
18]
[19]
[20]
[21]
[22]
(23]
(24]

(25]

J. R. Davis, “Corrosion behavior of nickel and nickel alloys,” in ASM Specialty Handbook: Nickel, Cobalt
and Their Alloys. Davis and Associates, Eds. ASM International, 2000, ch. 2, pp. 125-167.

Outokumpu, Handbook of Stainless Steel. Finnland: Outokumpo Oyj, 2013.

H. S. Klapper, N. S. Zadorozne, and R. B. Rebak, “Localized corrosion characteristics of nickel alloys:

A review,” Acta Metall. Sin.-Engl. Lett., vol. 30, no. 4, pp. 296-305, Apr. 2017,

S. Morito, J. Nishikawa, and T. Maki, “Dislocation density within Lath Martensite in Fe-C and Fe-Ni
alloys,” ISI] Int, vol. 43, no. 9, pp. 1475-1477, Sep. 2003.

M. A. Streicher, “Stainless steels: Past, present and future,” in The Metallurgical Evolution of Stainless Steels,
P. B. Pickering Ed. ASM and MS, 1979, pp. 442-473.

D. A. Jones, Principles and Prevention of Corrosion, 1st ed. Singapore: Macmillan Publishing Company, 1996.
N. B. Pilling and D. E. Ackerman, “Resistance of iron-nickel-chromium alloys to corrosion by acid,”
Trans. AIMME, vol. 83, pp. 248-279, 1929.

M. A. Streicher, “The role of carbon, nitrogen, and heat treatment in the dissolution of iron-chromium
alloys in acids,” Corrosion, vol. 29, no. 9, pp. 337-360, Sep. 1973.

H. Hoffmeister and G. Lothongkum, “Effects of chemical composition of duplex stainless steel on
microstructure and pitting corrosion after solution heat treatment and various weld simulation cooling
cycles,” Welding in the World, 1e Soudage Dans Le Monde, vol. 33, no. 2, pp. 91-96, Feb.1994.

G. Lothongkum, S. Chaikittisilp, and A. W. Lothongkum, “XPS investigation of surface films on high
Cr-Ni ferritic and austenitic stainless steels,” App/ Surf Sei, vol. 218, no. 1-4, pp. 203-210, Sep. 2003.

C. M. Abreu, M. J. Cristébal, R. Losada, X. R. Névoa, G. Pena, and M. C. Pérez, “The effect of Ni in
the electrochemical properties of oxide layers grown on stainless steels,” Electrochim. Acta, vol. 51,
no. 15, pp. 2991-3000, Apr. 2006.

J. Horwath and H. H. Uhlig, “Critical Potentials for Pitting Corrosion of Ni, Cr - Ni, Cr - Fe, and
related stainless steels,” J. Electrochem. Soc., vol. 115, no. 8, pp. 791-795, Aug. 1968.

S. Azuma, T. Kudo, H. Miyuki, M. Yamashita, and H. Uchida, “Effect of nickel alloying on crevice
corrosion resistance of stainless steels,” Corrs S¢7, vol. 46, no. 9, pp. 2265-2280, Sep. 2004.

M. Okuyama and S. Haruyama, “Passive film formed on nickel in a neutral solution,” Corrs Sez, vol. 14,
no. 1, pp. 1-14, Jan. 1974.

K. Hashimoto and K. Asami, “XPS study of surface film on nickel alloys in hot concentrated NaOH,”
Corrs Sci, vol. 19, no. 6, pp. 427-435, Jun. 1979.

S. C. Tjong, “SIMS/XPS studies of the passive film on nickel,” Mater. Res. Bull., vol. 17, no. 10, pp.
1297-1304, 1982.

E. Sikora and D. D. Macdonald, “Nature of passive film on nickel,” Electrochim. Acta, vol. 48, no.1, pp.
69-77, Nov. 2002.

E. E. Abd El Aal, “Breakdown of passive film on nickel in borate solutions containing halide anions,”
Corrs Sci, vol. 45, no.4, pp. 759-775, Apr. 2003.

S. Jouen, M. Jean, and B. Honnoyer, “Atmospheric corrosion of nickel in various outdoor
environments,” Corrs Sei, vol. 46, no. 2, pp. 499-514, Feb. 2004.

L. J. Oblonsky and T. M. Devine, “Surface enhanced roman spectra from the films formed on nickel in
the passive and transpassive regions,” |. Electrochem. Soc., vol. 142, no. 11, pp. 3677-3682, Nov. 1995.
D. Zuili, V. Maurice, and P. Marcus, “Surface structure of nickel in acid solution studied by in situ
scanning tunneling microscopy,” J. Electrochem. Soc., vol. 147, no. 4, pp. 1393-1400, Apr. 2000.

M. lida and T. Ohtsuka, “Ellipsometry of passive oxide films on nickel in acidic sulfate solution,” Corrs
Sei, vol. 49, no. 3, pp. 1408-1419, Mar. 2007.

A. Kawashima, K. Asami, and K. Hashimoto, “An XPS study of passive films on nickel and alloy 600
in acids,” Corrs Sei, vol. 25, no. 12, pp. 1103-1114, Dec. 1985.

M. Pourbaix, Atlas of Electrochemical Equilibria in Aqueous Solution. Oxford: Pergamon Press, 1966, pp.
330-341.

R. W. Revie and H. H. Uhlig, “Thermodynamics: Corrosion tendency and electrode potentials,” in
Corrosion and Corrosion Control: An Introduction to Corrosion Science and Engineering, 4th ed. Hoboken New

Jersey: John-Wiley & Sons, Inc., 2008, ch. 3, pp. 21-36.

ENGINEERING JOURNAL Volume 22 Issue 4, ISSN 0125-8281 (http://www.engj.org/) 1



DOI:10.4186/¢j.2018.22.4.1

[20]

(27]

G. Lothongkum, P. Wongpanya, S. Morito, T. Furuhara, and T. Maki, “Effect of nitrogen on corrosion
behavior of 28Cr-7Ni duplex and microduplex stainless steels in air-saturated 3.5 wt% NaCl solution,”
Corrs Sci, vol. 48, no. 1, pp. 137-153, Jan. 2006.

P. Lacombe and G. Beranger, “Structure and equilibrium diagrams of various stainless steel grades,” in
Stainless Steels. France, 1993, pp. 40.

[28] J. H. Potgieter, P.A. Olubambi, L. Cornish, C. N. Machio, and E. S. M. Sherif, “Influence of nickel

[29]

additions on the corrosion behavior of low nitrogen 22% Cr series duplex stainless steels,” Corrs Sei, vol.
50, no. 9, pp. 2572 — 2579, Sept. 2008.

B. Beverskog and 1. Puigdomenech, “Revised Pourbaix diagram for nickel at 25-300°C,” Corrs Sei, vol.
39, no. 5, pp. 969 — 980, May 1997.

L. Zhang and D. D Macdonald, “Segregation of alloying elements in passive systems - I. XPS studies
on the Ni-W system,” Electrochim. Acta, vol. 43, no. 18, pp. 2661-2671, Jun. 1998.

E. M. Gutman, Mechanochemistry of Solid Surfaces. Singapore: World Scientific Publishing, 1994, pp. 7-41.
K. Osozawa and H. J. Engell, “The anodic polarization curves of iron-nickel-chromium alloys,” Corrs
Sei, vol. 6, no. 8, pp. 389-393, Aug. 1996.

[33] J.-B. Lee, “Effects of alloying elements, Cr, Mo and N on repassivation characteristics of stainless steels

[34]

[35]

12

using the abrading electrode technique,” Mater Chem Phys, vol. 99, no. 2-3, pp. 224-234, Oct. 2000.

L. Liu, Y. Li, and F. Wang, “Influence of microstructure on corrosion behavior of a Ni-based superalloy
in 3.5% NaCl,” Electrochim. Acta, vol. 52, no. 25, pp. 7193-7202, Sep. 2007.

A. J. Sedriks, “Effects of alloy composition and microstructure on the passivity of stainless steels,”
Corrosion, vol. 42, no. 7, pp. 376-389, Jul. 1986.

ENGINEERING JOURNAL Volume 22 Issue 4, ISSN 0125-8281 (http://www.engj.org/)



